Integrative Modelling Coupled with Ion Mobility Mass Spectrometry Reveals Structural Features of the Clamp Loader in Complex with Single-Stranded DNA Binding Protein  by Politis, Argyris et al.
Integrative Modelling Coupled with Ion Mobility Mass
Spectrometry Reveals Structural Features of the
Clamp Loader in Complex with Single-Stranded
DNA Binding Protein
Argyris Politis1†, Ah Young Park1†, Zoe Hall1, Brandon T. Ruotolo2 and Carol V. Robinson1
1 - Department of Chemistry, University of Oxford, South Parks Road, Oxford OX1 3QZ, UK
2 - Department of Chemistry, University of Michigan, 930 North University Avenue, Ann Arbor, MI 48109, USA
Correspondence to Argyris Politis and Carol V. Robinson: argyris.politis@chem.ox.ac.uk; carol.robinson@chem.ox.ac.uk
http://dx.doi.org/10.1016/j.jmb.2013.04.006
Edited by M. Debatisse-ButtinAbstractDNA polymerase III, a decameric 420-kDa assembly, simultaneously replicates both strands of the
chromosome in Escherichia coli. A subassembly of this holoenzyme, the seven-subunit clamp loader
complex, is responsible for loading the sliding clamp (β2) onto DNA. Here, we use structural information
derived from ion mobility mass spectrometry (IM-MS) to build three-dimensional models of one form of the full
clamp loader complex, γ3δδ′ψχ (254 kDa). By probing the interaction between the clamp loader and a single-
stranded DNA (ssDNA) binding protein (SSB4) and by identifying two distinct conformational states, with and
without ssDNA, we assemble models of ψχ–SSB4 (108 kDa) and the clamp loader–SSB4 (340 kDa)
consistent with IM data. A significant increase in measured collision cross-section (~10%) of the clamp
loader–SSB4 complex upon DNA binding suggests large conformational rearrangements. This DNA bound
conformation represents the active state and, along with the presence of ψχ, stabilises the clamp loader–
SSB4 complex. Overall, this study of a large heteromeric complex analysed by IM-MS, coupled with integrative
modelling, highlights the potential of such an approach to reveal structural features of previously unknown
complexes of high biological importance.
© 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY license.Introduction
The Escherichia coli DNA polymerase III replisome
copies the chromosomal DNA in a rapid and highly
processive manner, facilitated by the ring-shaped
sliding clamp β2.
1–4 A subassembly of the replisome,
the seven-subunit clamp loader, opens and loads the
β2 ring onto DNA in an ATP-driven process.
5,6 The
clamp loader comprises a central pentameric ring
(γ3δδ′), which is attached to a ψχ heterodimer via
interaction of ψ with the three γ/τ subunits7; γ is a
truncated version of τ produced by programmed
translation frameshifting,8 and the γ3δδ′ form is active
in clamp loading but not in processive DNA synthesis.9
The χ subunit mediates interaction between the clamp
loader and the tetrameric single-stranded DNA
(ssDNA) binding protein SSB4.
6,10,11 This interaction,0022-2836 © 2013 The Authors. Published by Elsevier Ltd.Open access uwhich occurs during replication, stabilises the complex
and, at high ionic strength, stabilises polymerase–
template–primer interactions.4,12 The primary role of
SSB4 is to protect ssDNA from being degraded and to
maintain cooperation with DNA binding proteins.4,13–15
Upon DNA binding, a switch between active and
inactive states of SSB4 occurs, which further enhances
the activity of the clamp loader.16 Although X-ray
crystal structures are available for γ3δδ′, ψχ with the
SSB-Ct peptide17 andSSB4, the latter with andwithout
DNA,7,18 complete structures for γ3δδ′ψχ, ψχ–SSB4,
and γ3δδ′ψχ–SSB4–(ssDNA) assemblies have not
been reported.
Over the last fewyears,mass spectrometry (MS) has
emerged as a powerful tool for integrative structural
biology. MS is now being used to construct topological
maps of large, multimeric protein complexes.19–21J. Mol. Biol. (2013) 425, 4790–4801nder CC BY license.
4791Structural Features of a Clamp LoaderWhere high-resolution data are available for some
components, structure prediction can be made with
atomic resolution.22,23 Coupling of ion mobility (IM) to
MS, in which the collision cross-section (CCS) of a
protein complex can be deduced, has proved highly
informative for the study of the structure and dynamics
of macromolecules.24,25 Within the last decade, the
development of IM-MSapproaches, enabling the study
of heterogeneous and dynamic protein assemblies,
has provided structural insight into those biological
targets that are the most challenging for structural
biology.26–30 Recently, IM-MS has been employed to
distinguish between topologies for two subcomplexes
in the eukaryotic initiation factor 3,31 to establish the
stability and topology of two tetrameric membrane
proteins,32 and to elucidate the subunit connectivity
and stability of two CRISPR-associated proteins, the
Cascade and Csy complexes.33 Whilst IM-MS has
beenused toproposestructuralmodels,34,35 it hasonly
recently been assessed more quantitatively as a tool
for structure prediction.36 The use of experimentally
determined CCS as restraints for predicting the
topology of heteromeric assemblies was explored,
revealing good agreement between the best-scoredFig. 1. Assembly pathway of the clamp loader–SSB4 com
clamp loader (γ3δδ′) interacts with ψχ heterodimer to form the
loader binds to tetrameric SSB to form the γ3δδ′ψχ–SSB4 com
of ssDNA does not affect the interaction with the clamp loader,
interacts with SSB4 to form the subassemblies ψχ–SSB4 (d) an
curved lines on the SSB protein. The N-terminal domains of SSmodels and their corresponding X-ray crystal
structures.36
In this study, we use restraints from IM-MS to build
structural models of assembly intermediates ob-
served in our experiments, as well as the clamp
loader in complex with SSB4 (Fig. 1). Model structures
for the minimal five-subunit clamp loader (γ3δδ′) and
the tetrameric SSB4 have been reported previously
from IM-MS and crystallographic data.37 Here, we
extend our initial studies and useMS to definemultiple
subcomplexes and to construct an assembly pathway
of the full clamp loader complex (γ3δδ′ψχ) bound to
SSB4, in the presence or absence of ssDNA. The
connectivity and stoichiometry determined by these
experiments, togetherwithCCSs from IM, are used as
restraints to build models of the intermediates formed
along the pathway. In this process, we begin by
assembling a model for γ3δδ′ψχ and then probe the
interaction between the ψχ heterodimer and SSB4.
Together, this information enables us to build an
accurate model of ψχ–SSB4. Finally, we investigate
structural features of the eleven-subunit clamp loader
bound to SSB4 and conformational changes induced
upon binding of ssDNA.plex and its intermediate subcomplexes (a). The minimal
complete clamp loader complex γ3δδ′ψχ (b). The clamp
plex (c). The conformational change of SSB4 upon binding
which forms the γ3δδ′ψχ–SSB4–ssDNA complex. ψχ also
d ψχ–SSB4–ssDNA (e). The ssDNA is depicted by the red
B, shown in green, indicate the proposed binding site toψχ.
4792 Structural Features of a Clamp LoaderResults
Modelling approach
To apply the information derived from IM-MS of
protein assemblies and their subcomplexes to
structure characterisation, we use a coarse-grained
(CG) modelling approach as described in Fig. 2.
Briefly, proteins or protein domains are represented
as spheres, and protein complexes and their
subcomplexes are represented as a set of over-
lapping spheres, with radius r defined using the
subunit (or domain) CCS, r = (Ω/π)1/2 − rHe, where
rHe is the correction of the drift gas (radius of helium)
contribution to the CCS. Models for protein com-
plexes are built in a stepwise manner by combining
subunits and subcomplexes, which make up the
assembly. To account for flexibility, we subjected the
initial atomic coordinates to dynamical analysis using
NAMD (Fig. S1).39 Thus, the atomic coordinates of
the subcomplexes studied here were refined by
performing energy minimisation (see Supplementary
Data). Such analysis is performed for all subcom-
plexes used to build the assembly and allowed us to
eliminate any steric clashes in the final models and toFig. 2. Schematic overview of the modelling approach.
interpretation: IM-MS data are recorded, including information
shape of protein assemblies. Based on these data, topologic
resolution CG representations can be used for modelling. Spat
restraints that are incorporated into a single scoring function fo
inter-subunit interactions (overlap and connectivity restraint) a
restraints). Models are generated by fully sampling the conforma
as implemented in the IMP (Integrative Modelling Platform).3
function that measures the deviation of the calculated model C
best-scored structures is clustered and the representative modsearch for an energetically favourable conforma-
tions, which used as starting structures. Adequate
sampling, a critical step of this modelling approach,
was obtained by applying a Monte Carlo search
followed by a conjugate gradient optimisation step.
All degrees of freedom are considered, rendering this
approach unbiased towards any particular solution.
Candidate models are evaluated by incorporating a
scoring function that encodes restraints derived from
IM-MS data. The best-scoring models are clustered
based on their structural similarities using a hierar-
chical tree approach.The seven-subunit clamp loader complex γ3δδ′ψχ
Here, we set out to assemble a structural model for
the seven-subunit clamp loader complex using
restraints from IM-MS. The stoichiometry and homo-
geneity of the subcomplexes, including ψχ, γ3δδ′,
and γ3δδ′ψχ, were determined previously
7,9,37,40;
however, their overall topological arrangement was
not examined. To study the topology of the clamp
loader complex, we begun by recording the spectra
for both γ3δδ′ and γ3δδ′ψχ where we observed only
one charge state series that corresponds to eachThe steps taken are as follows: Data generation and
about subunit connectivity, stoichiometry, and the overall
al maps can be constructed.20,22 Both atomic- and low-
ial restraints: Experimental IM-MS values are encoded into
r evaluating structural models. Such restraints examine the
nd the overall shape of the assemblies (CCS and volume
tional space using a Monte Carlo conjugate gradient search
8 Scoring: Model structures are scored using a harmonic
CS from the experimental CCS. Analysis: The ensemble of
els are further refined to provide the final structures.
4793Structural Features of a Clamp Loaderprotein complex centred at 31+ and 32+, respec-
tively (Fig. 3a and b). Analysis of the peak shape and
width of the arrival time distributions (ATDs) from the
IM experiments, expressed as t/Δt (centroid values of
ATD peaks normalised to their widths at half-height),
indicated a single conformation or a conformational
family of closely related structures (t/Δt, ranges from
10 to 15). The ATD of the ions (averaged for all
charge states) was then converted to yield orienta-
tionally averaged CCSs and used as a restraint for
modelling analysis.
To model the γ3δδ′ψχ complex, we used a CG
representation scheme, whereby each domain was
represented as a sphere, scaled by the calculated
CCS for the corresponding atomic coordinates.36,37
Missing residues were accounted for by adding an
additional sphere for each γ subunit (green spheres;
Fig. 3c and d) scaled by their mass.36,37 The degreeFig. 3. IM-MS data and modelling analysis of the clamp
superimposed on anm/z scale are shown for the clamp loaders
best-scored models from pairwise structural similarity scores r
The representative structure of the major cluster is selected a
determined after scoring and clustering a large number o
representation positioned by superimposing the optimised atom
residues are represented by green spheres scaled accordingof overlap between spheres was determined using
the corresponding X-ray coordinates. Where no
atomic information for subunit interfaces was avail-
able, an average value (29 ± 10% with an additional
tolerance of 5%) was used to guide our search for
model structures.36 To assemble the clamp loader
complex, γ3δδ′-ψχ, we begin by generating CG
models for its building blocks, namely, γ3δδ′ and ψχ.
For the minimal clamp loader (γ3δδ′), we make use
of a model developed previously,37 based on
published crystal structures.18 The CCS calculated
for this complex (8936 Å2) is in close agreement with
the experimentally determined value (8904 Å2), thus
suggesting that no significant rearrangement oc-
curred in the gas phase (Table 1). For ψχ, a model,
which includes the missing residues, was built using
CCS from IM and the X-ray crystal structure [Protein
Data Bank (PDB) entry: 1EM8].7 In this model, the χloader complex. The mass spectra and IM contour plots
(a) γ3δδ′ and (b) γ3δδ′ψχ. (c) Hierarchical clustering of 1%
eveals two major clusters representing 81.4% and 17.6%.
s the final solution shown in (d). The best-scored model is
f structures. The model structure is shown in cartoon
ic coordinates onto the CG model structures. The missing
to their mass.37
Table 1. Measured CCSs and masses of the protein subcomplexes studied here
Complexes CCSa (Å2) Mass (kDa) Figure Structure
ψχ 2520 32.3 3 1EM8
γ3δδ′ 8904 221.5 3c 1JR3
γ3δδ′ψχ 9434 253.8 3c Model
SSB4 4062 76.0 S1 1EQQ
SSB4–ψχ 5708 108.3 4a Model
SSB4–ssDNA 4424 85.8 S1 1EYG
SSB4 -ψχ–ssDNA 5897 117.7 4b Model
SSB4– γ3δδ′ψχ 11,529 337.0 5a Model
SSB4– γ3δδ′ψχ–ssDNA2 12,488 340.6 5b Model
a The experimental error is estimated to be ±3%.
4794 Structural Features of a Clamp Loadersubunit is represented as a single sphere, whereas
ψ is represented as two overlapping spheres due to
its elongated structure (Fig. 3c and d and Fig. S1a).
The flexible N-terminus is represented by a sphere
(Fig. S1b) where its distance from the other ψ sphere
was adjusted from the CCS value of ψχ (Table 1).
Having assembled the CG models for the two
individual subcomplexes, γ3δδ′ and ψχ, we turned
our focus to modelling the full γ3δδ′ψχ complex. We
begin by sampling the conformational space for the
seven-subunit complex using a Monte Carlo
search.36 Overall, 50,000 models were generated
randomly by fixing the relative position of the
subunits within the individual γ3δδ′ and ψχ sub-
complexes and by enforcing connectivity between
the N-terminus of ψ subunit and the γ subunits. This
is in line with proposals that ψχ and the clamp loader
are bridged by the interaction between the N-
terminal segment of ψ subunit (small tan sphere)
and the C-terminus of γ.7 The degree to which the
spheres overlap can be calculated by the centre of
mass distances between spheres. In order to ensure
physical interactions between subunits within the
modelled structures, we applied an overlap filter.
This eliminates any structures in which the spherical
overlap is outside the range (15–45%) (Supplemen-
tary Data).36 Following this, a total of 26,046
structures remained.
The next step was to score the remaining models
using the volume and CCS restraints (see Supple-
mentary Data). Both volume and CCS restraints are
implemented as a harmonic penalty function that
also takes into account the experimental error
(2 × SDs = 6%, where SD is the standard deviation
from the mean and is estimated to be 3%).36
Therefore, all candidate models are scored based
on their closeness to the experimental data and the
best-scored models are selected for further analysis.
Since multiple solutions are in agreement with the
input restraints, we performed clustering of the best-
scored models in order to investigate their structural
variability in the ensemble of “good-scoring” models.
The 1% best-scoring models (260 structures) were
selected using a hierarchical clustering approach43
(Supplementary Data). The pairwise scores between
the structures are calculated using the ultrafastshape recognition (USR) score.36 Briefly, USR has
been used as an algorithm to compare molecular
shapes.44 Here, it is used to compare two CG
models and the scores given range from 0 (non-
related) to 1 (identical). For γ3δδ′ψχ, two main
clusters were identified using a cutoff difference of
USR score of 0.03 (Fig. 3a). The major cluster
(81.4%) corresponds to a geometrical arrangement
where ψχ extends over the two γ subunits adjacent
to δ (Fig. 3c). The minor cluster, representing 17.6%
of the top-scored models, reflects a more compact
arrangement where the ψχ subcomplex points in the
opposite direction towards the δ′ subunit. Each
cluster is represented by the model with the best
score within each cluster.
Binding ψχ to SSB4 and the effects of ssDNA
Next, we investigated the architecture of the
tetrameric SSB protein bound to χψ, with or without
ssDNA. To determine the binding stoichiometry of
SSB to ψχ, we incubated SSB4 and ψχ in a 1:1 ratio
and subjected it to analysis by MS. TheMS spectrum
revealed two charge state series, centred on the 16+
and 19+ charge states and corresponding to SSB4
and SSB4–ψχ (Fig. 4a). The peak intensities of SSB4
relative to SSB4–ψχ indicate that SSB4 and ψχ form
a weak interaction, under the experimental condi-
tions employed. Similar results and binding stoichi-
ometries were obtained at higher molar ratios of ψχ
to SSB.
It has been proposed that, in the presence of
ssDNA, the SSB binding affinity to χ increases by up
to 1000-fold.12,45 Therefore, the abovementioned
experiment was repeated in the presence of ssDNA,
in order to establish whether there is any increase in
binding of χψ to SSB in its DNA bound form (Fig. 4b).
Two charge state series were observed in the MS
spectrum as major and minor species corresponding
to SSB4–ssDNA and ψχ–SSB4 bound to only one
ssDNA (d35-mer), respectively. Interestingly, by
mixing SSB4 with d65-mer and d35-mer in 1:2 and
1:3 ratio, respectively, we observed two ssDNAs
bound on the tetramer (Fig. S4). Although the overall
quality of the MS was impaired due to challenges
experienced in obtaining a stable electrospray, an
Fig. 4. IM-MS data and modelling analysis of ψχ–SSB4 subassembly with and without ssDNA. The mass spectra and
IM contour plots superimposed on anm/z scale for (a) ψχ–SSB4 and (b) ψχ–SSB4–ssDNA. A model for SSB4 based on X-
ray crystallography (PDB entry: 1EQQ41) and IM data is used together with a model for ψχ as input structures for
generating candidate models. Scoring of model structures and subsequent clustering of the 1% best-scoring models
reveals a major cluster (95.8%). The best-scored model within this cluster is chosen as the representative structure. The
modelling strategy applied to the ψχ–SSB4 subcomplex bound to ssDNA revealed conformational changes induced by
ssDNA binding. The X-ray crystal structure of SSB4 in complex with ssDNA was used as a starting point for modelling
(PDB entry: 1EYG42). Clustering reveals two major clusters (79.2% and 20.8%). A representative structure of the major
cluster is selected as the most likely solution for the ψχ–SSB4–ssDNA subcomplex structure. Missing residues in SSB are
represented by green spheres.
4795Structural Features of a Clamp Loaderincrease in the relative intensity of the peaks
corresponding to ψχ–SSB4–ssDNA over those
observed for ψχ–SSB4 was clearly observed. This
supports the hypothesis that ssDNA assists in SSB4
binding to χψ.CCS was measured for SSB4 and SSB4–χψ using
IM-MS, both with and without ssDNA (Table 1), and
used as restraints in our modelling approach. From
these data, we propose a model for SSB4–χψ by
assemb l i ng mode l s fo r t he cons t i t uen t
4796 Structural Features of a Clamp Loadersubcomplexes SSB4 and χψ. A structural model for
SSB4 was proposed previously by combining crys-
tallographic information (PDB ID: 1EQQ)41 and CGFig. 5. Complete three-dimensional model of the clamp load
The mass spectra and IM contour plots superimposed on an m
SSB4–ssDNA2. Complexes are shown above their correspo
γ3δδ′–ψχ–SSB4 complex generated by integrating IM-MS restr
function. The intermediate sucbcomplexes of this complex, nam
sampling the conformational space. After implementation of re
the closest fit to the experimental data is suggested (d). Arrival
for γ3δδ′ψχ–SSB4 (blue) and γ3δδ′ψχ–SSB4–ssDNA2 (red) (e).
for the clamp loader complex bound onto ssDNA. In such mod
probed in our experiments and depicted in the modelled strucmodelling37 (Fig. S2a). In that model, each subunit
was represented by three domains and the overall
structure conformed to a symmetrical arrangement.er–SSB4 complex in the absence and presence of ssDNA.
/z scale are shown for (a) γ3δδ′ψχ–SSB4 and (b) γ3δδ′ψχ–
nding charge state series. (c) A structural model of the
aints with molecular modelling, which uses a single scoring
ely, γ3δδ′–ψχ and SSB4, were used as input structures for
straints and further analysis, a structural model that shows
time contours are overlaid for the 36+ charge state peaks
The same strategy was followed to build a model structure
els, the conformational changes induced by ssDNA were
tures.
4797Structural Features of a Clamp LoaderSince it has been shown that the χ subunit binds to
the flexible C-terminal tail of SSB through as a long,
unconserved linker (green spheres in Fig. 4),9,11
connectivity between an SSB subunit and χ is
enforced. We therefore generate structural models
of ψχ–SSB4 by sampling the full range of confor-
mational space whilst maintaining the SSB subunit
and χ interaction. After filtering 50,000 models of
ψχ–SSB4 using the overlap restraint, a total of
22,569 structures remained for further analysis.
These structures are subjected to scoring, using
volume and CCS restraints. The structures receiv-
ing the top 1% of scores revealed a major cluster
that represents ~95% of the best-scoring models. A
representative structure for ψχ–SSB4, selected as
the best-scored model within the cluster, is shown
for the hexameric subcomplex (Fig. 4a, top right).
To investigate the effect of ssDNA on the ψχ–
SSB4 architecture, we compare the CCS for SSB4–
ssDNA and SSB4. The CCS of the DNA bound form
was found to be ~10% larger than that for SSB4
(Table 1). Moreover, the X-ray crystal structure of the
structured portion of SSB4 bound to ssDNA revealed
that ssDNA wraps extensively around the tetramer;
therefore, its contribution to the overall CCS is
expected to be minor and within the anticipated
error of the CCS restraint (overall ~5.5% total
increase in CCS when DNA is bound) (PDB ID:
1EYG42) (Fig. S2). Such a structure is known to
undergo a conformational change within the SSB4–
ssDNA complex. To perform modelling on this
subassembly, we built a low-resolution model for
SSB4–ssDNA, based on the available X-ray crystal
structure of SSB4 (Fig. S2).
The next step was to build the ψχ–SSB4–ssDNA
subcomplex from its constituent parts. After applying
the overlap restraint (described above) and by
enforcing connectivity between SSB and the χ
subunit, a total of 26,987 structures remained for
further analysis. These models were subsequently
evaluated and the 1% best-scoring models revealed
two major clusters, 79% and 21%, respectively
(Fig. 4b). The best-scored model of the major cluster
suggests a rather extended arrangement and
represents the most likely architecture of ψχ–
SSB4–ssDNA.
Structural characterisation of the full clamp
loader complex bound to SSB4
We turned our attention to the interactions
between the full clamp loader and SSB4 with and
without DNA bound. MS analysis of the γ3δδ′ψχ–
SSB4 containing solution revealed the presence of
the γ3δδ′ψχ complex and a low abundance of peaks
corresponding to the intact γ3δδ′ψχ–SSB4 assembly
(Fig. 5a). To investigate the effect of ssDNA binding,
we also carried out MS on γ3δδ′ψχ–SSB4 in the
presence of ssDNA (Fig. 5b). From the MSspectrum, three charge state series corresponding
to SSB4, γ3δδ′ψχ, and γ3δδ′ψχ–SSB4–ssDNA2 were
observed (Fig. 5b). Similar to ψχ–SSB4 and
γ3δδ′ψχ–SSB4, the peak intensity of ions for
γ3δδ′ψχ–SSB4–ssDNA2 was low, highlighting the
weak interactions between ψχ and SSB4. However,
we observed increase in peak intensity of γ3δδ′ψχ–
SSB4–dC35, suggesting enhanced stability of
γ3δδ′ψχ–SSB4 complex when ssDNA is bound.
Interestingly and contrary to ψχ–SSB4 subcomplex
formation (Fig. 4b), two ssDNA (d35-mer) were
found bound to SSB4 using MS, consistent with the
X-ray crystal structure (Table S1).
To quantify any structural differences between the
γ3δδ′ψχ–SSB4 in its DNAbound or unbound form, we
examined the IM ATD for the two species (Fig. 5d).
Measured drift times were converted into CCSs. The
CCS for γ3δδ′ψχ–SSB4 was measured as 11,529 ±
345 Å2, almost 10% lower than that of the CCS
measured when ssDNA is present (12,488 Å2)
(Table 1). The experimental error of IM measure-
ments is estimated to be ~3% (2 SDs from the mean
is used to define the error in the CCS restraint, i.e.,
6%).46 X-ray crystallography has shown that ssDNA
wraps around SSB4 by simultaneously inducing a
conformational change in the protein.9,42 Therefore,
as binding of ssDNA does not significantly increase
the CCS of SSB4 (Fig. S2), we attribute the difference
in our experiments to conformational change in SSB4
upon binding to ssDNA.
To build a three-dimensional model for the eleven-
subunit complex, we used the best-scored structures
for γ3δδ′ψχ from the previous steps (Figs. 3 and 4)
and model structures of SSB4 and SSB4–ssDNA
(Fig. S2) as input for sampling with the Monte Carlo
search. The sampled structures were restrained by
enforcing connectivity between the χ subunit and C-
terminal tail of SSB4 as suggested previously.
9,47 As
mentioned above, after initial filtering using the
overlap restraint, 21,902 and 20,189 models
remained for γ3δδ′ψχ–SSB4 and γ3δδ′ψχ–SSB4–
ssDNA2, respectively. These models were subse-
quently evaluated using the scoring function
obtained from CCS and volume restraints. Next,
we clustered the best-scored models revealing two
main clusters for the structure with the presence of
ssDNA and three for that without ssDNA. The
representative structures of the major clusters for
γ3δδ′ψχ–SSB4 (56.2%) and γ3δδ′ψχ–SSB4–ssDNA2
(46.8%) were selected as the final solutions (Fig. 5c
and d and Fig. S2). The representative structures for
γ3δδ′ψχ–SSB4 with and without ssDNA suggest
elongated arrangements (Fig. 5c and e).Discussion
Here, we used restraints derived from IM-MS to
assemble an important multiprotein complex belong-
4798 Structural Features of a Clamp Loadering to the AAA+ class ofmotors, the seven-subunitE.
coli DNA clamp loader complex together with the
SSB homotetramer. To the best of our knowledge,
this is the largest heteromeric complex that has been
assembled from its building blocks primarily using
information from IM-MS.
The first crucial step in our approach was to define
the stoichiometry of subcomplexes and their subunit
connectivity from MS experiments and other avail-
able information in the literature. This information is
translated into spatial restraints and, together with
CCSs derived from IM, is integrated into our
modelling approach for generating candidate model
structures. Four different restraints are used: sub-
complex connectivity, overlap between subunits and
domains, volume, and CCS. The connectivity
restraint is used to generate a topological map of
subunits and to restrain the model building process
thus leading to smaller sampling space. Overlap and
volume restraints ensure realistic physical packing
between interacting subunits and domains. The CCS
restraint provides information on the overall shape of
complexes and its use relies on the assumption that
subcomplexes observed in the gas phase have not
undergone significant structural rearrangement. Al-
though using these restraints independently is, in
most cases, not sufficient to predict the native
structures, the integration of all four restraints into
a scoring function and subsequent analysis can
uncover structural features of otherwise intractable
assemblies.
The most important step in our modelling strategy
is to translate accurately all available information into
a single scoring function. After scoring all candidate
models, we assessed their structural variability of the
best-scored models by performing clustering analy-
sis (see Supplementary Data). The two clusters
identified for the seven-subunit clamp loader com-
plex yielded no unique solution for this complex,
although over 80% of models fall in the major cluster.
It is interesting to note that the two conformations of
clamp loader complex found here could possibly
describe an ensemble of highly dynamic structures
consistent with nature of this complex reported
previously. Similar results were obtained for the
ψχ–SSB4 subcomplex in the presence of ssDNA,
whereas for the ψχ–SSB4 without ssDNA, only one
cluster was identified. This leads to the conclusion
that the proposed structure for ψχ–SSB4 is the only
solution given the input data. The fact that we
observe only one cluster for ψχ–SSB4 complex and
two clusters for ψχ–SSB4–ssDNA is attributed to the
symmetry in the structure of SSB4 in the absence of
ssDNA. Finally, for the clamp loader–SSB4 complex,
two and three major clusters are identified within the
best-scored models for the complex without and with
ssDNA, respectively (Fig. S3). Despite the fact that
we selected the major clusters (~56% and 47%) as a
solution for two conformations of clamp loader–SSB4, with and without the ssDNA, the probability
that the representative structure of the minor clusters
(~40% for γ3δδ′–ψχ–SSB4 and ~26% for γ3δδ′–ψχ–
SSB4–ssDNA2) could also be a solution cannot be
neglected. This ambiguity could be attributed to the
possibility that both conformations most likely
populate multiple states in solution and/or in the
gas phase. Possibly, the dynamic nature of those
complexes is further enhanced by the highly flexible
regions identified in some of their constituent
subunits.
It has been proposed that SSB protein interacts
with ψχ during replication in a way that stabilises the
complex by bringing together essential entities for
clamp loading and replication to occur.12 Moreover,
a critical aspect for rapid DNA replication is the
interaction of ssDNA with the SSB protein.15 Both
ψχ–SSB4 and ψχ–SSB4–ssDNA subcomplexes
were observed in our experiments, accommodating
different conformations, contrary to a previous study
suggesting that ψχ–SSB interaction occurs only
when SSB is bound to the ssDNA.12 Therefore,
based on our data, we suggest that the presence of
DNA is essential for subcomplex activity but does
not potentiate binding of ψχ to SSB. Such binding is
potentiated by the presence of the χ subunit, which
also has the functional role in promoting sliding
clamp assembly.45
The γ3δδ′ complex within the Pol III holoenzyme
interacts with SSB4 through the ψχ. Such an
interaction, which is maintained during the transition
between initiation and elongation, is known to
increase the efficiency of the latter and to aid the
clamp loading activity.45 By measuring CCSs, we
observed structural differences between the bound
and unbound forms of the γ3δδ′–ψχ–SSB4 complex,
which we attribute to the conformational changes
induced by ssDNA binding. This conformational
flexibility is in line with the suggested theory of a
DNA-triggered switch between active and inactive
states upon binding of ssDNA. It is interesting to
speculate that the larger conformation proposed for
the active state of γ3δδ′–ψχ–SSB4 is adopted to aid
clamp loading activity onto DNA.
Overall in this study, we first established the
stoichiometry of subunit and ssDNA interactions in
the γ3δδ′–ψχ–SSB4 complex wherein two copies of
ssDNA were found to be present, as opposed to ψχ–
SSB4 and SSB4 where only one bound ssDNA was
observed. By applying an integrative modelling
approach, which integrates structural information
from IM-MS, we propose three-dimensional struc-
tural models of the eleven-subunit γ3δδ′–ψχ–SSB4
complex and its subcomplexes observed in our MS
experiments. Overall, our study highlights the power
of IM-MS when combined with integrative modelling
strategies to probe structural and dynamical aspects
of heteromeric complexes in advance of other
structural information from classical techniques.
4799Structural Features of a Clamp LoaderMaterials and Methods
Experimental procedure
Individual subunits (γ, δ, δ′, ψχ, and SSB) were over-
expressed in E. coli and purified as described
elsewhere.10,40,48–50 For MS of modules, χψ, γ3δδ′, and
γ3δδ′ψχ, aliquots were buffer exchanged into 0.1 M
NH4OAc at pH 7.6 by using Vivaspin 500 concentrators
(Sartorius, UK) with a 10- to 50-kDa molecular mass cutoff,
depending on the size of the complex. SSB was dialysed in
1 M NH4OAc using a Slide-A-Lyzer Mini Dialysis unit
(Pierce, UK) with a 10-kDa molecular mass cutoff. Concen-
trations for χψ, γ3δδ′, γ3δδ′ψχ, and SSB4 were measured
spectrophotometrically at 280 nm, using ε280 = 53,680,
170,090, 223,770, and 111,520 M−1 cm−1, respectively.
The final concentrations of the proteins were in a range 5–
10 μM. Two ssDNA oligomers (polyC 35-mer and 65-mer)
were synthesised (Integrated DNA Technologies, Belgium).
For MS, the oligomers were diluted to 10 μM in 0.5 M
NH4OAc at pH 6.9. In the case of γ3δδ′ψχ–SSB4–ssDNA
complex formation, SSB4, γ3δδ′ψχ, and ssDNA were
incubated at equimolar ratios of 1:1:1 after buffer exchange.Ion mobility mass spectrometry
IM-MS measurements were carried out on a modified
Synapt HDMS system (Waters Corporation, UK) described
in detail elsewhere.46 Briefly, the travelling-wave IM cell
was replaced with a linear RF-confining drift tube, allowing
direct CCS measurements. Drift times were calculated
from the well-described relationship for an ion travelling
through a gas in the presence of a weak electric field.51–53
Instrumental parameters were typically as follows: capil-
lary voltage, 1.4 kV; cone voltage, 40 V; trap collision
energy, 12 V; backing pressure, 6 mbar. The IMS (ion
mobility spectrometry) cell contained helium gas at a
pressure of 2–2.5 Torr. Drift times were typically measured
at 10 drift voltages ranging from 50 to 200 V.
Mass spectra for SSB4 binding to ssDNA were acquired
using a modified Q-TOF2 mass spectrometer (Waters
Corporation, UK).54 MS experiments were conducted with
capillary voltages up to 1.8 kV, a sample cone of 100 V, an
extractor voltage of 10 V, an ion transfer stage pressure of
4.0 × 10−3 mbar, a quadruple analyser pressure of
1.8 × 10−5 mbar, and a time-of-flight analyser pressure
of 4.7 × 10−7 mbar.
Calculated theoretical CCSs
The CCSs were calculated using MOBCAL55 and a
version adapted in-house for CG models.56 Two represen-
tation approaches (all-atom and CG) were employed in this
study. The projection approximation (PA) method57 was
employed for calculating CCS. Briefly, this method calcu-
lates numerically the orientationally averaged CCS of the
protein. Although thePAmethod is known to underestimate
the experimental CCS by neglecting multiple collisions
between the ion and buffer gas,58,59 it is the only method
capable of calculating CCS for CG models based on
spheres.36 Furthermore, it has been shown to correlate
well with experimental CCS for globular protein complexes(R2 N 0.99).60We thereforemade use of a scaled PACCS,
whereby the experimental CCS can be predicted (±3%) by
multiplying the PA CCS by a factor of 1.14.60Acknowledgements
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